All relevant data are within the paper and its Supporting Information files.

1. Introduction {#sec001}
===============

Alzheimer's disease (AD) is characterized by the accumulation of extracellular plaques in the brains of AD patients composed of β-amyloid (Aβ) peptides. Aβ is derived from the amyloid precursor protein (APP), a type 1 transmembrane glycoprotein. To produce Aβ, APP is cleaved first by the β-secretase, which releases the soluble APPβ ectodomain, leaving a 99-residue β-carboxyl terminal fragment (βCTF). The βCTF is then cleaved by γ-secretase to produce Aβ species varying from 38--43 residues and an APP intracellular domain. Currently, the subcellular localization of these cleavage events is unclear. For example the Golgi apparatus, plasma membrane, and autophagosomes \[[@pone.0161445.ref001]--[@pone.0161445.ref004]\] have been implicated in Aβ production. However, many studies show that nascent APP is cleaved after endocytosis from the cell surface into endosomes and subsequently into lysosomes \[[@pone.0161445.ref002],[@pone.0161445.ref005]--[@pone.0161445.ref008]\]. We have recently shown that APP can also transit directly into lysosomes from the cell surface via macropinosomes \[[@pone.0161445.ref009],[@pone.0161445.ref010]\]. We have also shown that APP and γ-secretase proteins are *bona fide* resident proteins of lysosome \[[@pone.0161445.ref011]--[@pone.0161445.ref013]\]. Furthermore, γ-secretase has an acidic optimal pH \[[@pone.0161445.ref011]\], and disruption of endosomal/lysosomal pH by chloroquine or ammonium chloride decreases the production of Aβ \[[@pone.0161445.ref014]--[@pone.0161445.ref016]\].

Although many studies have examined the cell surface trafficking of APP, few have examined APP's intracellular transport. The advent of photo-activatable fluorescent proteins (pa-GFP) provided a new tool to study the intracellular behavior of proteins \[[@pone.0161445.ref017]--[@pone.0161445.ref019]\]. Recently, we demonstrated that a paGFP tag could be used to follow the intracellular trafficking of APP from the Golgi. We discovered that APP can traffic from the Golgi to the lysosome (via an interaction with the adaptor protein, AP-3), where it is cleaved to form Aβ \[[@pone.0161445.ref020]\].

AP-3 is a heterotetrameric adaptor protein, which consists of a β3, δ3, μ3, and σ3 domains. The μ3 domain of AP-3 recognizes tyrosine motifs of the form YXXƟ (where Ɵ is a bulky amino acid and X is any amino acid) \[[@pone.0161445.ref021]\]. APP contains two YXXƟ motifs at ^709^YTSI^712^ and ^738^YENP^741^ (using APP 751 numbering). These motifs interact with other known members of the heterotetrameric adaptor protein family (AP-1, AP-2, and AP-4) \[[@pone.0161445.ref004],[@pone.0161445.ref022]--[@pone.0161445.ref024]\]. The YENP motif is part of a larger motif that contains an NPXY motif (^738^GYENPTY^743^)([Fig 1A](#pone.0161445.g001){ref-type="fig"}), which has been shown to be involved in endocytosis \[[@pone.0161445.ref006],[@pone.0161445.ref008],[@pone.0161445.ref025],[@pone.0161445.ref026]\].

![Tyrosine mutations modulate the intracellular trafficking of APP.\
**a)** Depiction of the carboxyl terminal of APP, with APP 751 numbering. The tyrosines and serines studied in this paper are shown, and the tyrosine motifs underlined. SN56 cells were transiently transfected with wild type APP or APP with mutations Y709A, Y738A, or Y743A tagged with paGFP. Each cell was subjected to 15-minutes of sequential imaging. Before each image, the cell was photo-activated within the Golgi (blue). **b)** Trafficking of APP to lysosomes (LAMP-1) and **c)** early endosomes (Rab5) was studied. The top panels show representative images from each cell after 15 minutes of photo-activation (Scale bars represent 5μm). The bottom panels depict colocalized pixels. The white border demarcates the edge of the cell and was drawn based on the white light images. Triangles point to colocalized pixels. **d)** Using a semi-automated method, the APP vesicles and LAMP1 or Rab5 vesicles were selected and the means were plotted using Prism 5.0b. Error bars represent SEM (\* = p\<0.05).](pone.0161445.g001){#pone.0161445.g001}

While the role of these tyrosine mutations in APP internalization is well documented, the effect of these mutations on the intracellular trafficking from the Golgi to lysosomes remains to be elucidated. Here, we use paGFP-tagged APP and live cell imaging to examine the role of these cytoplasmic tyrosine motifs on the intracellular trafficking of APP. We show that the mutation of Y709A or Y743A disrupt the transit of APP from the Golgi to the lysosome in live cells. Furthermore, the ^709^YTSI^712^ motif is responsible for the interaction of APP with AP-3. This interaction can be disrupted by phosphorylation of serine within the ^709^YTSI^712^ (S711), which can be phosphorylated by protein kinase C (PKC) \[[@pone.0161445.ref027],[@pone.0161445.ref028]\], and decreases lysosomal transport from the Golgi. Furthermore, we demonstrate that PKCε activation can divert APP away from lysosomes; possibly by S711 phosphorylation.

2. Methods {#sec002}
==========

2.1 Antibodies and Chemicals {#sec003}
----------------------------

Antibodies used were Mouse Anti-HA (Sigma, H9658), AP-3 (SA4, Developmental Studies Hybridoma Bank) and APP C-terminal (Sigma, A8717). The PKC activator Phorbol-12-myristate-13-acetate (PMA) was purchased from Sigma (P8139) and 8-\[2-(2-pentyl-cyclopropylmethyl)-cyclopropyl\]-octanoic acid (DCP-LA) was purchased from (Sigma, D5318). Staurosporine was purchased from Millipore (Cat No. 569397). Gö6976 was purchased from Tocris Bioscience (Cat. No. 2253).

2.2 Cell culture {#sec004}
----------------

SN56 cells were maintained Dulbecco's minimal Eagle's medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum and 50ug/ml of penicillin/streptomycin, in an incubator at 37°C with 5% CO2. Cells were split every 3--4 days; depending on confluency. SN56 cells are a cholinergic hybrid cell line, which were generated by fusing dissociated mouse septal neurons and N18TG2 neuroblastoma cells. They were chosen for our experiments because after differentiation they are cholinergic, possess neuronal morphology, and will express APP \[[@pone.0161445.ref029]--[@pone.0161445.ref031]\]. These were provided to us by Dr. Jane Rylett (Western University, London Ontario, Canada). In some experiments, we also examine trafficking in the N2a cell line (ATCC, Manassas, Virginia, USA). For microscopy, cells were seeded on glass-bottomed culture dishes (MatTek) one day before transfection. Cells were transfected using Lipofectamine 2000 (Invitrogen) following manufactures directions. After a 24hrs, cells were differentiated in DMEM using 1mM dibutyrl cyclic AMP (dbcAMP; Sigma) and imaged or fixed.

2.3 Plasmid Constructs {#sec005}
----------------------

A plasmid encoding the last 112 amino acids of APP with paGFP and CFP C-terminal tags was previously designed \[[@pone.0161445.ref009],[@pone.0161445.ref020]\]. The N-terminal of our construct is tagged with a HA epitope to facilitate cell-surface internalization experiments. Mutations were generated using a site-directed mutagenesis kit (Stratagene). Rab5-mRFP and LAMP1-mRFP were generated as previously described \[[@pone.0161445.ref009]\].

2.4 Confocal Microscopy {#sec006}
-----------------------

Images were captured with a Zeiss LSM (laser-scanning microscope) -510 META with a Zeiss 63× 1.4 numerical aperture oil immersion lens (Carl Zeiss, Oberkochen, Germany). The thickness of each optical section was set to 1 μM. Cyan fluorescent protein (CFP) was excited with a 458 nm laser and filtered with a BP 475--525 filter set. Alexa Fluor 488 and paGFP fluorescence were excited with a 488 nm laser and filtered using a band pass (BP) 500-530-nm emission filter set. Alexa Fluor 546, proximity ligation assay (PLA) red detection agent, mCherry, and mRFP fluorescence were excited with a 543 nm laser and filtered with a BP 560--615nm of LP 560nm filter set.

2.5 Live-cell imaging {#sec007}
---------------------

Images were taken using a Zeiss LSM-510 META laser-scanning microscope using a Zeiss 63x 1.4 numerical aperture oil immersion lens (Carl Zeiss, Germany). Live cell imaging was performed as previously described \[[@pone.0161445.ref020],[@pone.0161445.ref032]\]. Briefly, SN56 cells were washed with PBS and transferred to with pre-warmed to 37°C Hank's Balanced Salt Solution (HBSS; Cat. No. 14025--092, Invitrogen). The confocal plates were placed on a heated stage (PeCon GmbH) connected to a Tempcontrol 37--2 digital 2-channel (PeCon GmbH), to maintain the cells at 37°C. ROIs were drawn over the Golgi apparatus as demarcated by GalT-CFP fluorescence, using the Zeiss Physiology package. As the cell can move and shift during the imaging period, the locations of these ROI were carefully monitored to ensure they remained over the Golgi for the duration of the photo-activation period. During typical experiments, the cell was alternatively imaged and photo-activated for the 15-minutes. βAPP-paGFP was photoactivated with a 25 mW 405 nm laser, set to maximum power in the pre-specified ROIs. The bleaching for each individual ROI took approximately 50msecs. There were typically 4 ROIs drawn per cell for an approximately 4sec total photoactivation time. A time delay between frames was set accordingly to photoactivate and capture an image every 30 seconds.

2.6 Colocalization Analysis {#sec008}
---------------------------

Colocalization analysis was performed using Imaris 7.0 Imaris Colocalization module (Biplane) as previously described \[[@pone.0161445.ref020],[@pone.0161445.ref032]\]. To analyze the vesicular trafficking of βAPP in live cells, Imaris was used to create IsoSurfaces corresponding to paGFP and LAMP1-mRFP or Rab5-mRFP fluorescence, following manufacturer's instructions. This is a semi-automated method that defines organelle distribution based on fluorescence intensity and estimated vesicle size. APP vesicles and the compartment vesicles were demarcated using Imaris, and the amount of colocalization was calculated as a percentage of material (βAPP-paGFP) within the compartment. The percentage of material value takes into account the number of pixels colocalized, as well as the intensity of each individual pixel.

For images of fixed cells, the top 2% of the brightest pixels from each channel were thresholded, and the colocalization was determined in Imaris \[[@pone.0161445.ref009]\]. The percentage of material colocalized was recorded and plotted in Prism Graphpad 5.0b. Prism Graphpad 5.0b was used for all graphing and statistical analysis. A One-way ANOVA was performed with a Bonferroni post-hoc test, and P values under 0.05 were considered significant.

2.7 Proximity Ligation Assay (PLA) {#sec009}
----------------------------------

PLA was performed using a commercially available kit (Duolink; Olink Bioscience) according to manufacturer's instructions. Briefly, cells were permeabilized with 0.01% Triton in PBS and blocked with 2% BSA/PBS and stained with primary antibodies overnight at 4°C. AP-3δ was probed with the mouse SA4 antibody (DSHB) and APP was probed with the rabbit APP C-terminal (Sigma). Cells were washed and incubated with species-specific secondary antibodies, with covalently attached single-stranded oligonucleotides. When antibodies are within 40nm, the oligonucleotides are ligated and amplified. These are then detected by fluorescent oligonucleotides.

Z-stacks were captured by confocal microscopy and the number of dots per cell was normalized to cell volume. The results were graphed using Prism and one-way ANOVA was performed with a Tukey's post hoc test. P-values less than 0.05 were significant.

2.8 Internalization Assay {#sec010}
-------------------------

APP internalization was studied as preciously described \[[@pone.0161445.ref009],[@pone.0161445.ref010]\]. Briefly, anti-HA antibody was labeled using a Zenon 647 labeling kit (Invitrogen), as per manufacturer's instructions. Cells were washed with PBS and labeled with the antibody conjugate for 30 minutes on ice to tag cell-surface βAPP-CFP. The cells washed with PBS and the cells were incubated in pre-warmed HBSS at 37°C and moved to an incubator at 37°C with 5% CO~2~ for 15 minutes. After 15 minutes, cells were fixed with 4% PFA, and imaged using confocal microscopy.

2.9 Aβ40 and Aβ42 ELISA {#sec011}
-----------------------

SN56 cells were transfected with βAPPsw-paGFP (βAPP bearing the Swedish mutation), βAPPsw S711A-paGFP, or βAPPsw S711E-paGFP. One set of cells transfected with βAPPsw-paGFP and treated with DCP-LA. Cells were differentiated as described above and cell culture media was collected two days after differentiation. Cell culture media was centrifuged at 200 RPM for 10 minutes at 4°C to remove large cellular debris and detached cells. Aβ40 and Aβ42 were detected with the Aβ40 ELISA Kit (KHB3482) or Aβ42 Ultrasensitive ELISA Kit (KHB3544) from Life Technologies, according to manufacturer's instructions.

3. Results {#sec012}
==========

3.1 Intracellular trafficking of APP {#sec013}
------------------------------------

We have previously followed the intracellular trafficking of APP-paGFP (photoactivatable GFP) from the Golgi apparatus \[[@pone.0161445.ref020]\]. In this paper we make use of a shortened βAPP-paGFP construct consisting of the last 112 amino acids of APP; including the β-- and γ- cleavage sites fused to paGFP. In our previous experiments we demonstrated that this construct has the same trafficking pattern as full-length APP-paGFP \[[@pone.0161445.ref009],[@pone.0161445.ref020]\] and undergoes β- and γ- cleavage \[[@pone.0161445.ref020]\]. This construct is also more easily expressed, which results in a stronger and more easily detectable fluorescence. The photo-activatable GFP (paGFP) is a form of GFP with low fluorescence after synthesis, but develops green fluorescence after irradiation with 405 nm light \[[@pone.0161445.ref018],[@pone.0161445.ref019]\]. Using the βAPP-paGFP chimera we have previously demonstrated a direct trafficking pathway from the Golgi apparatus to the lysosome \[[@pone.0161445.ref020]\].

We had previously demonstrated that the trafficking of APP from the Golgi to lysosomes is dependent on an interaction between APP and AP-3. The interaction of AP-3 to cargo depends on cytosolic tyrosine motifs of the form YXXƟ \[[@pone.0161445.ref021]\]. To determine the effect of tyrosine mutations on intracellular APP trafficking, we introduced Y709A, Y738A, and Y743A mutations into βAPP-paGFP (see [Fig 1A](#pone.0161445.g001){ref-type="fig"}). βAPP-paGFP was transfected into SN56 cells along with the Golgi apparatus marker (Galactosyltransferase-CFP, GalT-CFP) and a marker of lysosomes (lysosome associated membrane protein 1, LAMP1-mRFP) or early endosomes (Rab5-mRFP). After differentiation, cells were transferred to a heated stage (set at 37°C) on a Zeiss LSM510 confocal microscope. Regions of interest (ROI) were then drawn on the Golgi apparatus using the GalT-CFP fluorescence as a target. Each imaging cycle consists of a brief irradiation of these the ROI with 405nm laser light at full power (25 mW for 20 iterations per imaging cycle) (for a demonstration of this technique, see videos at the Journal of Visual experimentation <http://www.jove.com/video/53153/imaging-the-intracellular-trafficking-of-app-with-photoactivatable-gfp> \[[@pone.0161445.ref032]\]), followed by imaging of the cell. These cycles were repeated over a 15-minute period (See [S1 Video](#pone.0161445.s002){ref-type="supplementary-material"}). In each imaging cycle, a small amount of APP-GFP was activated in the Golgi apparatus and could then be followed as it traffics to downstream compartments. The final images in these time courses are shown in [Fig 1B and 1C](#pone.0161445.g001){ref-type="fig"}. Using Imaris software, we set thresholds to delimit green fluorescence (photo-activated βAPP-paGFP) and red fluorescence (compartment markers) to generate a colocalization channel ([Fig 1B and 1C](#pone.0161445.g001){ref-type="fig"} bottom panels). We then quantitated the amount of green fluorescence co-localized with the red signal (lysosomes or early endosomes) ([Fig 1D](#pone.0161445.g001){ref-type="fig"}).

In these experiments, WT βAPP rapidly appeared in LAMP1-mRFP labeled compartments (29.61 ± 4.15% SEM, n = 5 independent experiments, 23 cells total) ([Fig 1B](#pone.0161445.g001){ref-type="fig"} and [S1 Video](#pone.0161445.s002){ref-type="supplementary-material"}). In our previous paper, we demonstrated that this transport was abolished by nocadazole. Therefore, this process is dependent upon microtubule-related active transport and did not occur through diffusion or accidental irradiation of endosomes or lysosomes \[[@pone.0161445.ref020],[@pone.0161445.ref032]\]. It is important to note that the resolution limit of confocal microscopy does not allow us to visualize the small trafficking vesicles emanating from the Golgi. In contrast, the Y709A and Y743A mutations caused a significant decrease (p\<0.05, two-way ANOVA; Bonferroni post hoc) in βAPP-paGFP co-localization with LAMP1-mRFP after 15 minutes (11.30 ± 4.180% SEM, n = 5 independent experiments, 21 cells total, and 12.12 ± 1.24% SEM, n = 3 independent experiments 10 cells total, respectively) ([Fig 1B](#pone.0161445.g001){ref-type="fig"} and [S2 Video](#pone.0161445.s003){ref-type="supplementary-material"} and [S4 Video](#pone.0161445.s005){ref-type="supplementary-material"}, respectively). The Y738A mutation did not significantly reduce trafficking to lysosomes as compared to WT βAPP (p\>0.05, n = 4 independent experiments, 11 cells total) ([Fig 1B and 1D](#pone.0161445.g001){ref-type="fig"} and [S3 Video](#pone.0161445.s004){ref-type="supplementary-material"}).

We also analyzed cells transfected with Rab5 to determine whether tyrosine mutations shift APP into earlier compartments in the endosomal/lysosomal pathway. In these experiments, relatively small amounts of wild type βAPP trafficked to early endosomes (9.392 ± 1.956% SEM, n = 5 independent experiments, 16 cells total) ([Fig 1C](#pone.0161445.g001){ref-type="fig"}). In contrast, the Y709A and Y743A significantly increased trafficking to the early endosome, (25.49 ± 2.54% SEM, n = 4 independent experiments 16 cells total, and 29.260 ± 7.09% SEM, n = 3 independent experiments 11 cells total), while the Y738A mutation did not (21.23 ± 4.572% SEM, n = 4 independent experiments 16 cells total, [Fig 1C and 1D](#pone.0161445.g001){ref-type="fig"}) (p\<0.05, two-way ANOVA; Bonferroni post hoc). Therefore, the Y709A and Y743A both reduce the intracellular trafficking of APP to lysosomes and diverts it into early endosomes.

3.2 APP Internalization {#sec014}
-----------------------

Mutagenesis of tyrosine-based trafficking motifs has been shown to alter the endocytosis of APP \[[@pone.0161445.ref006],[@pone.0161445.ref008],[@pone.0161445.ref033]\]. We have shown that APP can be internalized into lysosomes by two pathways; one by way of early endosomes and a second pathway directly from the cell surface \[[@pone.0161445.ref009],[@pone.0161445.ref010]\]. To determine if internalization into early endosomes was affected by mutations in C-terminal tyrosines, SN56 cells were transfected with βAPP-CFP constructs and Rab5-mRFP. Our βAPP-CFP constructs are tagged on the N-terminal with a HA epitope to facilitate internalization experiments. βAPP-CFP was surface-tagged on ice with a Zenon-647 anti-HA antibody conjugate. After a 15-minute internalization at 37°C, 28.23 ± 2.158% SEM (n = 5 independent experiments, 73 cells total) of wild type βAPP-CFP was internalized into Rab5 positive endosomes ([Fig 2A](#pone.0161445.g002){ref-type="fig"}). The Y709A mutation did not significantly affect the internalization of βAPP into early endosomes (23.36+/-2.338% SEM, n = 5 independent experiments, 55 cells total) ([Fig 2B and 2E](#pone.0161445.g002){ref-type="fig"}). However, the Y738A and Y743A mutations significantly reduced the internalization of βAPP into early endosomes (18.76+/-1.386% SEM, n = 5 independent experiments, 62 cells total and 14.09+/-2.110% SEM, n = 4 independent experiments, 53 total cells, respectively, p\>0.05) ([Fig 2C and 2E](#pone.0161445.g002){ref-type="fig"}) \[[@pone.0161445.ref010]\].

![Tyrosine disrupts internalization into early endosomes.\
SN56 cells were transfected with βAPP-CFP (with or without tyrosine mutations) and Rab5-mRFP. The HA-tag on our βAPP-CFP construct was fluorescently labeled using an anti HA-Zenon conjugate. **a-d)** Representative images of βAPP-CFP, bearing one of the tyrosine mutations, internalized into Rab5-mRFP compartments after 15-minutes. The edge of the cell is shown by the white border, and was drawn based on white-light images. Triangles point to colocalized pixels. Scale bars represent 5μm. **e)** The percentage of APP co-localized with Rab5 was quantified using Imaris and graphed (\* = p\<0.05, error bars represent SEM).](pone.0161445.g002){#pone.0161445.g002}

To follow the direct trafficking of APP to lysosomes, SN56 cells were transfected with βAPP and LAMP1-mRFP, surface-labeled on ice with a fluorescent HA-antibody conjugate. This was followed by a 15-minute internalization period at 37°C before fixation. In cells expressing wild type βAPP, 20.87+/-1.471% SEM (n = 5 independent experiments, 83 cells total) of βAPP was internalized into LAMP1 labeled vesicles ([Fig 3A and 3E](#pone.0161445.g003){ref-type="fig"}). The Y709A and Y738 mutations did not significantly change the internalization of βAPP into lysosomes (p\>0.05, 18.78+/-1.017% SEM, n = 5 independent experiments 70 cells total, and 22.81+/-2.328% SEM, n = 7 independent experiments 95 cells total, respectively) ([Fig 3B, 3C and 3E](#pone.0161445.g003){ref-type="fig"}). However, the Y743A mutation reduced internalization to 12.34 ± 1.355% SEM (p\<0.05, n = 6 independent experiments 78 total cells) ([Fig 3D and 3E](#pone.0161445.g003){ref-type="fig"}). Therefore, the Y743A mutation disrupts βAPP internalization to both Rab5 and LAMP1 compartments, while the Y709A mutation has no effect on internalization.

![Y743A disrupts internalization into lysosomes.\
SN56 cells were transfected with βAPP-CFP (with or without tyrosine mutations) and Lamp1-mRFP. The HA-tag was fluorescently labeled using the anti HA-Zenon conjugate. The cells were incubated at 37°C for 15 minutes and fixed and imaged. **a-d)** Representative images of βAPP-CFP, bearing one of the tyrosine mutations, internalized into LAMP1-mRFP compartments after 15-minutes. The edge of the cell is shown by the white border, and was drawn based on white-light images. Triangles point to colocalized pixels. Scale bars represent 5μm. **e)** APP co-localized with Lamp1 was quantified using Imaris and graphed (\* = p\<0.05, error bars represent SEM).](pone.0161445.g003){#pone.0161445.g003}

3.3 APP/ AP-3 Interaction {#sec015}
-------------------------

Previously, we demonstrated that rapid trafficking of APP to lysosomes is dependent on APP interaction with AP-3 \[[@pone.0161445.ref020]\]. To determine the tyrosine motif responsible for the APP/AP-3 interaction, we performed an *in situ* proximity ligation (iPLA) assay with βAPP-CFP bearing one of the cytoplasmic tyrosine mutations. Briefly, if the proteins of interest are within 40 nm of each other, antibody-conjugated single-stranded oligonucleotides anneal and can undergo rolling circle amplification. The amplification product is detected by hybridization with fluorescent oligonucleotides, which can be visualized by confocal microscopy. iPLA has been used to confirm protein-protein interactions *in situ*, including weak or transient interactions that are undetectable by co-immunoprecipitation \[[@pone.0161445.ref034]--[@pone.0161445.ref036]\].

SN56 cells were transfected with βAPP-CFP with or without tyrosine mutations and iPLA was performed after fixation. A 3D-stack of images of each cell was acquired by confocal microscopy. The βAPP-CFP /AP-3 interaction was quantified by counting the number of spots per μm3. In cells transfected with WT βAPP-CFP, cells had 0.037 ± 0.006 dots/μm^3^ SEM (n = 3 independent experiments, 28 cells total). The Y738A and Y743A mutations did not significantly alter βAPP-CFP interaction with AP-3 (0.027 ± 0.004 dots/μm3 SEM n = 3 independent experiments, 36 cells total and 0.034 ± 0.007 dots/μm3 SEM n = 3 independent experiments, 32 cells total, respectively) ([Fig 4A and 4B](#pone.0161445.g004){ref-type="fig"}). However, the Y709A mutation significantly decreased the interaction of βAPP-CFP with AP-3 (0.015 ± 0.004 dots/μm3 SEM, n = 3 independent experiments, 40 cells total) ([Fig 4A and 4B](#pone.0161445.g004){ref-type="fig"}). Therefore, it appears that the Y709A mutation disrupts the interaction of APP with AP-3 to prevent APP delivery to lysosomes.

![Tyrosine motif mutations affect on APP/AP-3 interaction.\
SN56 cells were transfected with plasmids expressing wild type APP or APP with mutations Y709A, Y738A, or Y743A. Cells were fixed and iPLA was performed to detect interaction between APP with AP-3δ. **a)** Representative images are shown. The white border shows edge of the cell and was drawn based on the white light images. Scale bars represent 5μm. **b)** The dots per cell was counted using Imaris, normalized to cell volume, and graphed in Prism 5.0b (p\<0.05). SN56 cells were transfected with plasmids expressing wild type APP or APP bearing phosphomimetic (S711E) or dephosphomimetic (S711A) mutations. Cells were fixed and iPLA was performed to determine if there was an interaction between APP and AP-3. **c)** Representative images of APP/AP-3δ interaction. The white border shows edge of the cell and was drawn based on the white light images. Scale bars represent 5μm. **d)** The number of spots per cell was counted and normalized to cell volume. Error bars represent SEM and \* = p\<0.05.](pone.0161445.g004){#pone.0161445.g004}

3.4 Pseudo-phosphorylation of Serine 711 {#sec016}
----------------------------------------

Having demonstrated that the Y709A mutation disrupts AP3 interaction, we sought to further characterize the function of this binding site. In the ^709^YTSI^712^ motif, the tyrosine and serine have been found to be phosphorylated in the brains of AD patients \[[@pone.0161445.ref027],[@pone.0161445.ref037]\]. While the effect of Y709 phosphorylation on APP trafficking is unclear, S711 phosphorylation is pharmacologically tractable and has recently been shown to regulate the intracellular trafficking of APP \[[@pone.0161445.ref038]\]. Pseudo-phosphorylation of APP was shown to increase APP retrieval to the Golgi from the endosomal system and increased non-amyloidogenic processing of APP \[[@pone.0161445.ref038],[@pone.0161445.ref039]\]. Furthermore, The S711 residue is the only residue in the APP C-terminus that can be phosphorylated by PKC \[[@pone.0161445.ref027],[@pone.0161445.ref028]\]. To test S711 phosphorylation affects the interaction of APP with AP-3, we introduced dephosphomimetic (S711A) and phosphomimetic (S711E) mutations to the βAPP-CFP construct to determine their effect using iPLA. We show that phosphomimetic S711E-CFP interacted poorly with AP-3 (0.023 ± 0.004 dots/μm^3^ SEM, n = 4 independent experiments, 46 cells total), compared to WT βAPP-CFP (0.048 ± 0.004 dots/μm^3^ SEM, n = 4 independent experiments, 51 cells total) ([Fig 4C and 4D](#pone.0161445.g004){ref-type="fig"}). The dephosphomimetic (S711A) mutation did not significantly alter the interaction of βAPP with AP-3 ([Fig 4C and 4D](#pone.0161445.g004){ref-type="fig"}, n = 3 independent experiments, 34 cells total). Therefore, pseudo-phosphorylation of βAPP, at S711, disrupts its interaction with AP-3.

To determine the effect of these phosphomimetic mutations on βAPP trafficking to lysosomes, we introduced the S711A and S711E mutations into our βAPP-paGFP construct. We photo-activated βAPP-paGFP in the Golgi and followed its transport into downstream compartments. The S711A mutation did not significantly disrupt βAPP trafficking to lysosomes, as compared to WT βAPP-paGFP (one-way ANOVA, n = p\>0.05) (25.470±4.390% SEM n = 4 independent experiments, 13 cells total compared to 29.610±4.157% SEM, n = 5 independent experiments, 23 cells total) ([Fig 5A and 5C](#pone.0161445.g005){ref-type="fig"} and [S5 Video](#pone.0161445.s006){ref-type="supplementary-material"}). However, the S711E mutation, which disrupts βAPP interaction with AP-3, also significantly decreased the amount of βAPP trafficked to LAMP1 compartments (16.540±2.759% SEM, n = 4 independent experiments, 17 cells total), as compared to WT APP ([Fig 5A and 5C](#pone.0161445.g005){ref-type="fig"} and [S6 Video](#pone.0161445.s007){ref-type="supplementary-material"}). To determine if S711 mutations disrupts trafficking to early endosomes, we repeated the intracellular trafficking experiments with Rab5-mRFP, a marker for early endosomes. In these experiment, there was no significant difference in the amount of βAPP delivered to early endosomes with either mutation ([Fig 5B and 5C](#pone.0161445.g005){ref-type="fig"}). Therefore, phosphorylation of S711 impedes βAPP delivery to lysosomes likely through disrupting the βAPP/AP-3 interaction.

![S711E disrupts trafficking to lysosomes.\
SN56 cells were transfected with plasmids expressing wild type APP, S711E, or S711A. Concomitantly, plasmids expressing LAMP1-mRFP or Rab5-mRFP and GalT-CFP were also transfected. **a)** Representative images depicting trafficking of APP S711A or S711E to lysosomes (LAMP1-mRFP) after photo-activation in GalT-CFP labeled compartments. **b)** Representative images showing the delivery of APP S711A or S711E to early endosomes after photo-activation. The edge of the cell is defined by the white line, and was drawn based on the white light images. Scale bars represent 5μm for all images. Triangles with circles denote photo-activation sites at time 0. Triangles alone point to colocalized pixels. **c)** The percentage of APP colocalized with either LAMP1 or Rab5 was quantified with Imaris. Error bars denote SEM. \* = p\<0.05.](pone.0161445.g005){#pone.0161445.g005}

3.5 PKC activation controls intracellular trafficking of APP {#sec017}
------------------------------------------------------------

S711 residue can be phosphorylated by PKC \[[@pone.0161445.ref027],[@pone.0161445.ref028]\]. PKC agonists are known to increase the non-amyloidogenic processing of APP by increasing α-secretase cleavage of APP \[[@pone.0161445.ref040],[@pone.0161445.ref041]\]. S711 phosphorylation has also been reported to increase the interaction of APP with members of the retromer complex, and to divert APP from the lysosome to the Golgi \[[@pone.0161445.ref038]\]. Phosphorylation of S711 has also been suggested to increase the secretory trafficking from the Golgi \[[@pone.0161445.ref039]\]. Therefore, we asked whether S711 phosphorylation could disrupt Golgi to lysosome transport, through disrupting the APP and AP-3 interaction.

To examine the effects of PKC activation on βAPP trafficking, SN56 cells were transfected with βAPP-paGFP, GalT-CFP, and a marker for the endosomes or lysosomes. After a one-hour incubation with 300nM the PKC activator Phorbol-12-myristate-13-acetate (PMA), APP was photo-activated in the Golgi apparatus to follow the transport of APP to downstream compartments ([Fig 6A](#pone.0161445.g006){ref-type="fig"}). In untreated cells, 29.61 ± 4.15% SEM (n = 5 independent experiments, 23 cells total) of nascent βAPP-paGFP is delivered to lysosomes. However, cells treated with 300nM PMA traffic 17.55±3.17% SEM (n = 4 independent experiments, 10 cells total) of APP to lysosomes (one-way ANOVA, Bonferroni post hoc, p\<0.05) ([Fig 6C](#pone.0161445.g006){ref-type="fig"}). Consistent with phosphomimetic mutations to the YTSI motif, PMA treatment significantly increased the amount of βAPP-paGFP directed towards Rab5 (early endosome) labeled compartments (WT = 9.39±1.96% SEM, n = 5 independent experiments, 16 cells total vs. PMA treated 25.53±5.61% SEM, n = 5 independent experiments, 16 cells total) ([Fig 6B and 6C](#pone.0161445.g006){ref-type="fig"}).

![PMA treatment alters the intracellular trafficking of APP.\
SN56 cells transiently transfected with βAPP-paGFP were treated or not treated with 300nM PMA for 1-hour before imaging. Cells were photo-activated in the Golgi (GalT-CFP) for 15 minutes. Video of the live cells was taken during this 15-minute period to follow the trafficking of APP. Frames from the beginning and the end of the time course are shown here for transport to **a)** lysosomes (LAMP1) and **b)** early endosomes (Rab5). Far-right panels show colocalized pixels between the βAPP-paGFP and LAMP1-mRFP channels. The edge of the cell is defined by the white line, and was drawn based on the white light images. Triangles alone point to colocalized pixels. Scale bars represent 5μm for all images. **c)** The amount of APP colocalized with each compartment was quantified using Imaris at the 15-minute time point, and the results were plotted using Prism 5.0b. Error bars represent SEM and \* denotes p\<0.05.](pone.0161445.g006){#pone.0161445.g006}

We also examined staurosporine treatment to inhibit PKC activity before PMA treatment. Staurosporine (1μM) pre-treatment restored the trafficking of APP to lysosomes (34.63±6.090% SEM, n = 4 independent experiments, 12 cells total) ([Fig 7A and 7B](#pone.0161445.g007){ref-type="fig"}). Importantly, staurosporine treatment alone did not disrupt the trafficking of APP (31.23±4.531% SEM, n = 4 independent experiments, 11 cells total). Therefore, activation of PKC diverts APP away from lysosomes and towards early endosomes.

![Staurosporine but not Gö6976 treatment restores trafficking of APP to lysosomes.\
SN56 cells were pretreated for 1 hour with staurosporine or Gö6976 for 1 hour before treatment with PMA. Cells were imaged as previously stated. Depicted in **a)** are representative images of cells treated with PMA, with or without the indicated inhibitors. These images were taken from live cell video of photo-activated cells 15 minutes after the start of imaging. Far-right panels show colocalized pixels between the βAPP-paGFP and LAMP1-mRFP channels. The edge of the cell is defined by the white line, and was drawn based on the white light images. Triangles point to colocalized pixels. Scale bars represent 5μm for all images. **b)** The amount of APP colocalized with LAMP-mRFP was quantified using Imaris and plotted using Prism. Error bars represent SEM and \* denotes p\<0.05 as compared to untreated cells and cells treated with staurosporine and PMA.](pone.0161445.g007){#pone.0161445.g007}

PMA and other phorbol esters activate PKCs through binding to the diacylglycerol (DAG) binding site on PKC, and can activate conventional (α, β~I~, β~II~, and γ) and novel PKCs (δ, ε, η, and θ). PKCα and PKCε have both been suggested to regulate APP metabolism \[[@pone.0161445.ref042]--[@pone.0161445.ref045]\]. To specifically examine PKCα and other conventional PKC's, we pretreated the cells with Gö6976 (inhibitor of conventional PKCs (PKCα, βI, βII, and γ). Transfected SN56 cells were pretreated with Gö6976 before stimulation with PMA. In these experiments, Gö6976 pretreatment was unable block the effects of PMA (reducing βAPP-paGFP delivery to lysosome; Gö6976 and PMA 17.97±4.056% SEM n = 3 independent experiments 10 cells total vs. PMA only 17.55±3.17% SEM n = 4 independent experiments 10 cells total) ([Fig 7A and 7B](#pone.0161445.g007){ref-type="fig"}). This suggests that conventional PKCs are not involved in the diverting APP away from lysosomes.

Therefore, we turned our attention to the novel PKC family. However, we could not find a specific inhibitor of the nPKCs. Instead, we turned to a specific agonist of nPKCε. Previous studies have suggested that PKCε promotes non-amyloidogenic cleavage of APP \[[@pone.0161445.ref044]--[@pone.0161445.ref046]\]. Recently, 8-\[2-(2-pentyl-cyclopropylmethyl)-cyclopropyl\]-octanoic acid (DCP-LA) was found to specifically activate PKCε over other isoforms of PKC \[[@pone.0161445.ref047]\]. In fact, 500nM DCP-LA has previously been shown to strongly and specifically activate PKCε and decrease Aβ production in SH-SY5Y cells \[[@pone.0161445.ref046]\]. We treated our transfected SN56 cells with 500nM DCP-LA, to determine if DCP-LA mediated activation of PKCε could regulate the trafficking of APP. DCP-LA significantly reduced targeting of βAPP-paGFP to lysosomes (13.09±3.04% SEM, n = 4 independent experiments, 15 cells total), which was not significantly different from cells treated with PMA (p\>0.05) ([Fig 8A and 8C](#pone.0161445.g008){ref-type="fig"} and [S7 Video](#pone.0161445.s008){ref-type="supplementary-material"}). In addition, treatment of SN56 cells with DCP-LA increased delivery of APP to early endosomes, as seen with PMA treatment ([Fig 8B and 8C](#pone.0161445.g008){ref-type="fig"}) (WT = 9.392±1.956% SEM vs. DCP-LA treated 29.87±2.182% SEM n = 4 independent experiments, 12 cells total). Moreover, pretreatment of transfected cells with staurosporine abrogated the effect of DCP-LA on trafficking of βAPP-paGFP to lysosomes (31.94±2.111% SEM, n = 3 independent experiments, 9 cells total). However, pretreatment with Gö6976 (12.94±3.056% SEM, n = 4 independent experiments, 10 cells total) ([Fig 8D and 8E](#pone.0161445.g008){ref-type="fig"}) could not abolish the effects of DCP-LA treatment. These data suggest that the trafficking of APP away from lysosomes and towards early endosomes is regulated by PKCε.

![DCP-LA treatment of SN56 cells diverts APP into early endosome compartments.\
Cells were transfected with βAPP-paGFP, GalT-CFP, and **a)** LAMP1-mRFP or **b)** Rab5-mRFP. Cells were pre-treated with DCP-LA for one hour before imaging, and photo-activated within the Golgi. Far-right panels show colocalized pixels between the βAPP-paGFP and LAMP1-mRFP channels. The edge of the cell is defined by the white line, and was drawn based on the white light images. Triangles point to colocalized pixels. Scale bars represent 5μm. **c)** The amount of APP colocalized with each compartment, with or without DCP-LA treatement, was measured using Imaris and was plotted using Prism 5.0b. **d)** SN56 cells were treated with 1μM staurosproine or 1μM Gö6976 before treatment with DCP-LA. The amount of APP colocalized with LAMP1 was measured using Imaris and plotted using Prism 5.0b. \* denotes p\<0.05 as compared to untreated. Representative images from the end of the photo-activation period are shown in **e)**. Images in the far-right panel show colocalized pixels between the LAMP1-mrFP and βAPP-paGFP channels. Triangles point to colocalized pixels. Scale bars represent 5μm. **f)** SN56 cells were transfected with βAPPsw-paGFP and treated with DMSO or DCP-LA. Two other wells of cells were transfected with βAPPsw-paGFP containing either the YTEI and YTAI mutation. The media was collected from the cells and used ELISA to analyze the amount of Aβ42. Error bars in both graphs represent SEM. Results were analyzed by one-way ANOVA with a Tukey's post hoc test. \* denotes p\<0.05 as compared to DMSO treated cells.](pone.0161445.g008){#pone.0161445.g008}

To determine if PKCε can be phosphorylated at the S711 residue, we treated cells transfected with either S711E or S711A with staurosporine or DCP-LA before photoactivaton. In this indirect method, if PKCε phosphorylates APP at S711, staurosporine or DCP-LA treatment should have no effect on the trafficking of APP. When cells were transfected with S711E, there was a decrease in the amount of APP delivered to the lysosome (29.79±4.76% SEM, n = 6 independent experiments, 20 cells total). However, treatment with either staurosporine (28.75±5.24% SEM, n = 7 independent experiments, 17 cells total) or DCP-LA (30.01±8.52% SEM, n = 3 independent experiments, 8 cells total) did not significantly change the trafficking of APP as compared to the S711E mutation alone ([S1 Fig](#pone.0161445.s001){ref-type="supplementary-material"}). Similarly, cells transfected with S711A increased the amount of APP delivered to lysosomes (42.88±4.52% SEM, n = 6 independent experiments, 20 cells total). However, treatment with either staurosporine (36.15±7.86% SEM, n = 3 independent experiments, 9 cells total) or DCP-LA (42.96±4.89% SEM, n = 10 independent experiments, 20 cells total) did not significantly change APP trafficking in comparison with S711A alone ([S1 Fig](#pone.0161445.s001){ref-type="supplementary-material"}). Therefore, the main effect of PKCε activation is through phosphorylation at the S711 motif.

PKCε activation by DCP-LA can decrease Aβ production and reduce amyloid deposition in mice \[[@pone.0161445.ref044],[@pone.0161445.ref046]\]. To determine if we could recapitulate these results, we transfected cells with βAPP-paGFP bearing the Swedish familial mutation (βAPPsw-paGFP) and treated the cells with DCP-LA. Cells were also transfected with either βAPPsw-paGFP YTAI or βAPPsw-paGFP YTEI to determine if psuedophosphorylation at S711 could modulate Aβ production. Cell-culture media was gathered from three independent experiments and analyzed by ELISA for Aβ 40 or 42. Aβ 42 production was not significantly reduced by transfection with APP bearing the YTAI mutation. However, transfection of APP bearing the YTEI mutation or treatment with DCP-LA significantly decreased Aβ 42 by \~30% ([Fig 8F](#pone.0161445.g008){ref-type="fig"}). Therefore, it appears that phosphorylation of APP at S711 decreases the production of Aβ 42 by reducing lysosomal trafficking of APP. There was no significant change in Aβ40 secreted into culture media.

4. Discussion {#sec018}
=============

In our previous study, we showed that siRNA-mediated knockdown of AP-3 can disrupt the trafficking of APP to lysosomes \[[@pone.0161445.ref020]\]. In the present study, the Y709A decreased intracellular trafficking to the lysosome while the Y743A mutations significantly decreased the fraction of APP delivered to lysosomes from the cell surface and by intracellular trafficking (Figs [1](#pone.0161445.g001){ref-type="fig"}--[3](#pone.0161445.g003){ref-type="fig"}). The YTSI motif was critical for APP and AP-3 interaction ([Fig 4](#pone.0161445.g004){ref-type="fig"}), and phosphorylating the serine residue in this motif reduced intracellular trafficking of APP to lysosomes and reduced Aβ42 production (Figs [5](#pone.0161445.g005){ref-type="fig"}--[8](#pone.0161445.g008){ref-type="fig"}).

The C-terminal of APP has been shown to bind to a number of adaptor proteins, which act to regulate the function of APP. From the adaptor protein family, APP has been shown to bind to AP-1, AP-2, AP-3, and AP-4 \[[@pone.0161445.ref020],[@pone.0161445.ref022],[@pone.0161445.ref023],[@pone.0161445.ref048]\]. AP-1 was shown to be important in the basolateral sorting of APP in Madin-Darby Canine Kidney cells \[[@pone.0161445.ref023]\]. In one study, AP-4 has been shown to be important in regulating the trafficking of APP at the Golgi \[[@pone.0161445.ref022]\]. The best studied adaptor is AP-2, which is critical in clathrin-mediated endocytosis (CME). Immunoprecipitation studies have shown that AP-2 can bind to APP \[[@pone.0161445.ref004],[@pone.0161445.ref024],[@pone.0161445.ref048]\]. Modifying the motifs that interact with AP-2 in the APP C-terminal have been shown to decrease internalization and decrease the amount of Aβ produced \[[@pone.0161445.ref008]\]. Recently, we have shown that APP can interact with AP-3, which directs APP to lysosomes for processing into Aβ \[[@pone.0161445.ref020]\]. In these experiments, we extend our findings to implicate the YTSI motif in the APP-AP-3 interaction.

The YTSI motif is a canonical YXXθ motif. These motifs have roles in endocytosis, lysosomal sorting, basolateral sorting, and retrograde sorting to the Golgi \[[@pone.0161445.ref021]\]. The YTSI motif has been shown to regulate the endocytosis of a APP- transferrin receptor chimera \[[@pone.0161445.ref006]\]. However, internalization experiments with APP show that the Y709A mutation did not disrupt endocytosis (\[[@pone.0161445.ref008]\] and [S1 Fig](#pone.0161445.s001){ref-type="supplementary-material"}). The YTSI motif can also interact with AP-1 to sort APP to the basolateral membrane \[[@pone.0161445.ref023]\].

Interestingly, recent studies have shown that the YTSI motif of APP can also regulate the transit of APP through the Golgi \[[@pone.0161445.ref038],[@pone.0161445.ref039]\]. Using a pseudophosphorylation strategy, similar to the one used here, a phosphomimetic (S711E) increased the retrograde trafficking of APP to the TGN, and decreases the trafficking of APP lysosomes. Conversely, a dephosphomimetic mutant decreased retrograde trafficking to the TGN and increases trafficking of APP to lysosomes. The enhanced retrograde trafficking of APP to the TGN was mediated by an enhanced interaction between APP and VPS-35 (a member of the retromer protein trafficking complex) \[[@pone.0161445.ref049],[@pone.0161445.ref050]\]; reducing APP delivery to lysosomes. Our findings concur with this data, in that pseudophosphorylation of the serine disrupts the interaction of APP and AP-3 and lowers the amount of APP trafficked to lysosomes (Figs [4](#pone.0161445.g004){ref-type="fig"} and [5](#pone.0161445.g005){ref-type="fig"}). These findings suggest that phosphorylation of APP at S711 enhances the interaction of APP with the retromer complex \[[@pone.0161445.ref038]\] and destabilize its interaction with AP-3.

Phorbol ester stimulation of PKC is well known to increase the secretion of the APP N-terminal domain and decrease the production of Aβ \[[@pone.0161445.ref042],[@pone.0161445.ref043],[@pone.0161445.ref045],[@pone.0161445.ref046],[@pone.0161445.ref051]\]. Both PKCα and PKCε have been implicated in regulating the metabolism of APP \[[@pone.0161445.ref043],[@pone.0161445.ref046],[@pone.0161445.ref052],[@pone.0161445.ref053]\]. In agreement with these findings, PMA or DCP-LA treatment reduced lysosomal trafficking seen with the phosphomimetic S711E (Figs [6](#pone.0161445.g006){ref-type="fig"} and [8](#pone.0161445.g008){ref-type="fig"}). Gö6976, an inhibitor of conventional PKCs, did not reduce lysosomal targeting ([Fig 7](#pone.0161445.g007){ref-type="fig"}). While there was no specific pharmacological inhibitor of PKCε, a specific agonist of PKCε (DCP-LA) also diverted APP trafficking away from lysosomes ([Fig 8](#pone.0161445.g008){ref-type="fig"}). Furthermore, DCP-LA treatment or the phosphomimetic YTEI lowered the production of Aβ42, suggesting a shift to non-amyloidogenic processing of APP ([Fig 8F](#pone.0161445.g008){ref-type="fig"}). Previous literature suggests PKCε, an novel PKC, promotes non-amyloidogenic cleavage of APP \[[@pone.0161445.ref044]--[@pone.0161445.ref046]\]. DCP-LA also decreased Aβ secreted in cell culture \[[@pone.0161445.ref046]\], and reduce the plaque burden in transgenic mouse models of APP \[[@pone.0161445.ref044]\]. Furthermore, in AD patients, PKCε protein levels were decreased fibroblasts and neurons \[[@pone.0161445.ref054]\].

While we show here that phosphorylation of S711 may control intracellular lysosomal trafficking, it does not explain all of the observed behaviors related to PKC activation. Specifically, the phosphomimetic did not increase APP trafficking to early endosomes, as seen with PMA and DCP-LA treatments, which suggests other targets of PKCε are also involved in APP sorting. PKC is known to regulate other steps in protein trafficking and proteolysis. PKC can also phosphorylate AP-2 in the μ2 domain and regulate the endocytosis of NA+/K+ ATPase \[[@pone.0161445.ref055]\].

PKCε, in particular, may also regulate secretory activity from the Golgi after being recruited to the Golgi apparatus \[[@pone.0161445.ref056]\]. In addition to regulation of Golgi export to the secretory pathway, PKCε also regulates the recycling of β1-integrins by phosphorylating vimentin (an integral part of intermediate filaments) \[[@pone.0161445.ref057],[@pone.0161445.ref058]\]. While the data presented here suggest a role for APP phosphorylation in lysosomal trafficking and non-amyloidogenic metabolism, PKCs can interact with a large number of proteins; so many other regulatory events might be participating. For example, PKCs may influence the distribution of ADAM-10; a putative α-secretase \[[@pone.0161445.ref059]\] and are proposed to regulate proteolytic processing by secretase enzymes directly. ADAM 10 and 17 \[[@pone.0161445.ref060],[@pone.0161445.ref061]\].

Although the alteration of APP processing by PKC has long been recognized, the effects of PKC on the intracellular trafficking of APP are less well understood. Before the advent of photo-activatable fluorescent proteins, the intracellular trafficking of APP, of any protein, was very difficult to visualize. Here, using paGFP that APP can transit directly from the Golgi directly to to lysosomes. Furthermore, we show that PKCε redirects APP from this novel pathway away from the lysosome and reduces Aβ 42 production. This is the mirror image of retromer dysfunction in AD, which is proposed to increased APP levels in the endosomal/lysosomal pathway and increased Aβ production \[[@pone.0161445.ref062]\]. These experiments demonstrate that this novel direct-to lysosome pathway can be regulated pharmacologically and that reducing APP transit to the lysosome is a strategy to lower Aβ production.

Supporting Information {#sec019}
======================

###### PKCε activation does not control the trafficking of APP with S711E or S711A mutations.

Cells were transfected with plasmids expressing S711E or S711A and a marker for lysosomes (LAMP1-mRFP) Before photoactivation, cells were pretreated with DCP-LA or staurosporine, as described earlier. APP was photo-activated in the Golgi with 405nm light, alternating with imaging for 15 minutes. The percentage of APP colocalized with either LAMP1 was quantified with Imaris. The percentage of APP colocalized was plotted in Graphpad Prism. Error bars represent SEM.

(PDF)

###### 

Click here for additional data file.

###### APP is trafficked rapidly to lysosomes from the Golgi.

SN56 cells were transiently transfected with βAPP-paGFP (green), LAMP1-mRFP (lysosome marker, red), and GalT-CFP (Golgi marker, blue). APP was photo-activated in the Golgi (blue) with 405nm light, alternating with imaging for 15 minutes (indicated by green word 'Photo-activating'). The white circles appearing over the Golgi denote the initial ROIs for βAPP-paGFP photoactivation. These ROIs are carefully monitored and adjusted to remain on the Golgi during the photoactivation period. Cells were then chased imaging every 30 seconds for the indicated time.

(MOV)

###### 

Click here for additional data file.

###### APP bearing the Y709A mutation does not traffic to lysosomes.

SN56 cells were transiently transfected with βAPP Y709A-paGFP (green), LAMP1-mRFP (lysosome marker, red), and GalT-CFP (Golgi marker, blue). APP was photo-activated in the Golgi (blue) with 405nm light, alternating with imaging for 15 minutes (indicated by green word 'Photo-activating'). White circles appearing over the Golgi denote the initial ROIs for βAPP-paGFP photoactivation. Cells were then chased by imaging every 30 seconds for the indicated time.

(MOV)

###### 

Click here for additional data file.

###### APP bearing the Y738A mutation traffics to lysosomes.

SN56 cells were transiently transfected with βAPP Y738A-paGFP (green), LAMP1-mRFP (lysosome marker, red), and GalT-CFP (Golgi marker, blue). APP was photo-activated in the Golgi (blue) with 405nm light, alternating with imaging for 15 minutes (indicated by green word 'Photo-activating'). Photo-activation ROIs in the Golgi are denoted by white circles in the video. Cells were then chased by imaging every 30 seconds for the indicated time.

(MOV)

###### 

Click here for additional data file.

###### APP bearing the Y743A mutation does not traffic to lysosomes.

SN56 cells were transiently transfected with βAPP Y743A-paGFP (green), LAMP1-mRFP (lysosome marker, red), and GalT-CFP (Golgi marker, blue). APP was photo-activated in the Golgi (blue) with 405nm light, alternating with imaging for 15 minutes (indicated by green word 'Photo-activating'). White circles appearing over the Golgi denote the initial ROIs for βAPP-paGFP photoactivation. Cells were then chased by imaging every 30 seconds for the indicated time.

(MOV)

###### 

Click here for additional data file.

###### APP bearing the dephosphomimetic (S711A) mutation traffics to lysosomes.

SN56 cells were transiently transfected with βAPP S711A-paGFP (green), LAMP1-mRFP (lysosome marker, red), and GalT-CFP (Golgi marker, blue). APP was photo-activated in the Golgi (blue) with 405nm light, alternating with imaging for 15 minutes (indicated by green word 'Photo-activating'). The white circles appearing over the Golgi denote the initial ROIs for βAPP-paGFP photoactivation. Cells were then chased by imaging every 30 seconds for the indicated time. This movie has been intentionally cropped to focus on the trafficking around the Golgi.

(MOV)

###### 

Click here for additional data file.

###### APP bearing the phosphomimetic (S711E) mutation does not traffic to lysosomes.

SN56 cells were transiently transfected with βAPP S711E-paGFP (green), LAMP1-mRFP (lysosome marker, red), and GalT-CFP (Golgi marker, blue). APP was photo-activated in the Golgi (blue) with 405nm light, alternating with imaging for 15 minutes (indicated by green word 'Photo-activating'). Photo-activation ROIs in the Golgi are denoted by white circles in the video. Cells were then chased by imaging every 30 seconds for the indicated time. This movie has been intentionally cropped to focus on the trafficking around the Golgi.

(MOV)

###### 

Click here for additional data file.

###### DCP-LA treatment disrupts APP trafficking to the lysosome.

SN56 cells were transiently transfected with βAPP-paGFP (green), LAMP1-mRFP (lysosome marker, red), and GalT-CFP (Golgi marker, blue) and treated with 500nM DCP-LA. APP was photo-activated in the Golgi (blue) with 405nm light, alternating with imaging for 15 minutes (indicated by green word 'Photo-activating'). White circles in the video denote photo-activation ROIs in the Golgi. Cells were then chased imaging every 30 seconds for the indicated time.

(MOV)

###### 

Click here for additional data file.
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APP

:   Amyloid precursor protein

PKC

:   protein kinase C

LAMP1

:   lysosomal membrane protein 1

paGFP

:   photo-activatable GFP
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